Human eyes serve two key functions in face-to-face social interactions: they provide cues about a person's emotional state and attentional focus (gaze direction). Both functions critically rely on the morphologically unique human sclera and have been shown to operate even in the absence of conscious awareness in adults. However, it is not known whether the ability to respond to social cues from scleral information without conscious awareness exists early in human ontogeny and can therefore be considered a foundational feature of human social functioning. In the current study, we used event-related brain potentials (ERPs) to show that 7-mo-old infants discriminate between fearful and nonfearful eyes (experiment 1) and between direct and averted gaze (experiment 2), even when presented below the perceptual threshold. These effects were specific to the human sclera and not seen in response to polarityinverted eyes. Our results suggest that early in ontogeny the human brain detects social cues from scleral information even in the absence of conscious awareness. The current findings support the view that the human eye with its prominent sclera serves critical communicative functions during human social interactions.
reflexively directing attention to the eyes and in predicting gaze to fearful eyes (22, 23) .
Another important social cue conveyed by the eye is the direction of gaze. Eye gaze can inform us about another person's attentional focus, thereby providing clues about future behavior (24) . Critically, eye gaze and emotion perception have been shown to powerfully interact. For example, fearful eyes elicit stronger behavioral and neural responses when averted from than when directed at an observer (25, 26) . This presumably relates to the fact that averted fearful eyes inform an observer about a potential danger in the environment (clear threat), whereas directed fearful eyes signal fear of the observer (ambiguous threat). At the brain level, this also relies on the amygdala, as reflected in a differential activation for direct compared with averted gaze (25, 27) . Furthermore, behavioral studies suggest that similar to emotion processing, eye gaze discrimination operates even in the absence of conscious awareness (28) .
Attending and responding to eyes is thought to play a vital role in the early development of social skills (29) . From birth, infants respond sensitively to human eyes: Newborns prefer direct gaze faces over averted gaze faces (30) and even show a rudimentary form of gaze following (31) . Newborns' sensitivity to eyes has been shown to be specific to the human sclera, as behavioral preferences disappear when the contrast polarity of the eye is reversed (32) . Nevertheless, the ability to attend to the eyes and follow gaze improves considerably over the course of the first year of life and is viewed as an important marker of healthy social development (33, 34) . Indeed, orienting to the eyes is present early in infancy but declines between 2 and 6 mo in infants later diagnosed with autism (29) . With respect to responding to emotional information, newborns also show a basic sensitivity to
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(familiar) emotional facial expressions for which they may also use eye cues (30, 35, 36) . However, it is not until the age of 7 mo that they show a robust attentional bias to fear, as reflected in their neural and behavioral responses (37) (38) (39) (40) (41) . The developmental emergence of this fear bias has been linked to the maturation of frontolimbic circuits (42) (43) (44) (45) and occurs at a point in development when infants begin to first experience fear themselves (46, 47) . Despite our growing understanding of the developmental origins of emotion and gaze processing in humans, some fundamental questions concerning the exact nature of this ability remain unanswered.
In the present study we therefore addressed two key questions, which are essential to understanding the mechanisms that underpin sensitive responding to human eyes in infants. First, we asked whether infants' detection of social cues such as fear and gaze from eyes occurs in the absence of conscious awareness. Second, we examined whether the detection of these social cues can be seen in response to scleral information alone. To address these questions, we conducted two experiments, based on an established paradigm from adult literature (15) , which investigated whether the infant brain can discriminate between fearful and nonfearful eyes (experiment 1) and between direct and averted fearful eyes (experiment 2), even if the stimuli are not perceived consciously. We hypothesized that if the eyes indeed serve a critical function in human social communication, then the unconscious detection of social cues from scleral information should be evident early in ontogeny. Specifically, according to our hypothesis, using event-related brain potentials (ERPs), we expected infants to show evidence for neural discrimination between fearful and nonfearful human eyes (experiment 1) and direct and averted gaze (experiment 2).
Experiment 1: Emotion Processing
In experiment 1, we examined ERPs in a group of 7-mo-old infants in response to fearful and nonfearful (happy) sclerae as well as polarity-inverted versions of these stimuli (Fig. 1 ). Stimuli were presented for only 50 ms, which is well below the perceptual threshold established for this age group (48, 49) . Each stimulus was followed by a mask consisting of a neutral facial expression performed by a different actor, which was presented for 750 ms. Our analysis was focused on early visual processes at occipital electrodes (P1, a typical event-related response indicating early visual processing) and later attentional processes at frontal electrodes (Pb and Nc, two event-related responses commonly observed in attentional orienting in infants). We assessed the mean amplitude and peak latency of these ERP components during three time windows: 150-250 ms after stimulus onset at occipital electrodes (P1), and 300-400 (Pb) as well as 400-800 ms (Nc) after stimulus onset at frontal electrodes. Visual inspection indicated a later occipital effect (following the P1) corresponding to the infant P400; however, statistical analysis did not reveal any significant effects for this component. For each time window, we computed two repeated measure ANOVAs with the factors emotion (fearful, nonfearful), polarity (original, inverted), and hemisphere (left, right), one investigating effects on the mean amplitude and one investigating effects on the peak latency.
We observed an interaction between the factors emotion and polarity (F(1,23) = 5.88, P = 0.024, η 2 = 0.20) at occipital electrodes in the time window of 150-250 ms after stimulus onset. Further analysis revealed that for original stimuli, fearful sclerae elicited a larger amplitude than nonfearful ones [t(23) = −3.00, P = 0.006, r = 0.53, nonfearful 1.93 ± 2.59 μV (mean ± SEM), fearful 7.69 ± 2.57 μV; Fig. 2 ]. Critically, no difference was observed for polarity-inverted stimuli (see Fig. S1 for ERP results of the polarity-inverted control conditions), indicating that the observed ERP differences are unlikely to be explained by basic perceptual differences.
Our analysis further revealed similar effects at frontal electrodes during later time windows (Fig. 3) . Specifically, we observed an interaction between emotion and polarity [300-400 ms: F ( . These frontal effects demonstrate that in addition to early visual processes (P1) at occipital electrodes, the detection of fearful eyes impacts later processes associated with prefrontal brain regions involved in attentional resource allocation.
The results presented in experiment 1 demonstrate that in 7-mo-old infants the neural discrimination between fearful and nonfearful eyes is limited to human sclera and occurs in the absence of conscious perception. This had previously only been shown in adults (15) . In experiment 2, we examined whether in addition to emotion cues infants can also detect more subtle cues from human sclera important for the discrimination of gaze direction.
Experiment 2: Gaze Processing
In experiment 2, we examined ERPs in response to gaze cues in another group of 7-mo-old infants. Infants viewed fearful direct gaze and fearful averted gaze sclerae as well as a contrast-inverted Fig. 1 . Stimuli. Top Row shows the stimulus material for experiments 1 and 2 is shown in the original condition. Bottom Row shows the corresponding polarity-inverted version. Direct fearful eyes (first column) were used in both experiments, direct nonfearful eyes (second column) were shown only in experiment 1, and averted fearful eyes (third column) only in experiment 2. version of these stimuli (Fig. 1) ; otherwise, the experimental protocol and analysis were identical to experiment 1.
Contrary to experiment 1, our analysis did not reveal any significant effects at occipital electrodes (all P > 0.1). However, similar to experiment 1, we observed an interaction between gaze direction, polarity, and hemisphere at frontal electrodes [F(1,21) = 4.3, P = 0.05, η 2 = 0.17] (Fig. 4) . Only in the right hemisphere and only for original stimuli did the Nc differ between gaze directions [F(1,21) = 4.4, P = 0.048, η 2 = 0.17]; direct gaze elicited greater Nc than averted gaze [t(21) = −2.14, P = 0.044, r = 0.42, direct −8.27 ± 2.95 μV, averted −0.25 ± 3.65 μV]. Note that although this effect was only significant in the right hemisphere, which is sometimes observed in studies of face processing (50, 51) , the ERPs showed a similar modulation in the left hemisphere and the overall topography of the effect was similar to experiment 1 ( Fig. 4 ; see Fig. S2 for ERP results of the polarity-inverted control condition).
The results in experiment 2 show that, whereas gaze direction does not affect early visual processing, it does impact later frontal brain processes associated with attentional orienting in 7-mo-old infants. Extending the findings of experiment 1, experiment 2 demonstrates that the neural discrimination between direct and averted gaze is limited to human sclera and occurs in the absence of conscious perception. Thus, the data from these two experiments indicate that unconscious fear and gaze processing is tuned to the human-specific sclera.
Discussion
The current findings demonstrate that 7-mo-old infants' brains detect social cues from human-specific scleral information without conscious awareness. Our results show that infants are able to unconsciously distinguish between fearful and nonfearful sclerae (experiment 1) and direct and averted gaze (experiment 2). The finding that in both experiments ERP effects were only observed for original but not for polarity-inverted stimuli suggests that responding to these cues is limited to human-specific scleral information and is unlikely to be accounted for by basic perceptual differences (see also 32, 52). Our results indicate that the human brain is tuned to social cues conveyed by the eyes from early in ontogeny. This early emergence of responding to unconscious scleral information is in line with evolutionary accounts that have stipulated that the human eye (and sclera) is adapted to serve human-unique communicative functions and is critically involved in promoting prosocial behavior and cooperation (4) (5) (6) (7) (8) (9) (10) 53) .
With respect to the neural processes elicited by subliminally viewing eye whites, the present data indicate that the detection of fear and gaze cues is reflected in the Nc evoked over frontal brain regions. This is in line with work that has implicated the Nc in differential attention allocation in response to supraliminally presented emotion and gaze stimuli (41, (54) (55) (56) (57) . It suggests that the brain processes associated with the Nc function regardless of whether or not emotional (fear) or gaze information is consciously perceived. The existence of detection mechanisms that operate independently of conscious perception in early ontogeny is evidence for how effectively the human brain is tuned to pick up on evolutionarily relevant social signals. The finding that these detection processes can be observed in response to cues provided by the human sclera alone is in agreement with the view that selective attention to the human eye emerges during infancy and is a key feature of healthy social functioning (29) .
Moreover, the finding that in both experiments ERP effects were observed for the Nc at frontal electrodes is interesting with regard to the underlying brain mechanisms. Specifically, prior work has localized the sources of the Nc in anterior cingulate and prefrontal cortex (58) , which are brain regions that in adults and young children are strongly interconnected with the amygdala (59) and are viewed as key components of frontolimibic circuits in the human brain. Whereas our results point to a role of the amygdala in the processes observed in the current experiments and are thus principally in support of the view that the amygdala is important for social processing early in development (42) (43) (44) , there is no direct evidence for amygdala involvement in our ERP data. Nonetheless, our findings are consistent with accounts that assign a major role to amygdala-prefrontal cortex circuits in the unconscious processing of fear as well as gaze in adults (15, 25) and are also in line with developmental models according to which amygdala-prefrontal circuits become functional at around 7 mo of age (43) .
Interestingly, in adults, enhanced amygdala activity has also been observed in response to surprised eyes, which, similar to fearful eyes, are characterized by large visible sclerae (60) (61) (62) . It is thus not clear whether the current results are specific to fear or can be attributed to a more general sensitivity to expressions that signal uncertainty (63) . Moreover, with respect to the observed discrimination between fearful and nonfearful (happy) eyes it is important to mention that the effects might be related to the fact Fig. 3 . Results at frontal electrodes in experiment 1. (A) For original eyes, the responses to fearful and nonfearful eyes clearly differed at frontal electrodes between 300 and 400 ms (Pb) in amplitude as well as between 400 and 800 ms (Nc) in amplitude and latency. (B) Topographical distributions during these two time windows for fearful and nonfearful eyes. Whereas these effects were observed for original stimuli, no differences were found for the polarity-inverted control condition, as shown by the contrast between fearful and nonfearful eyes (t values) (C), for Pb amplitude, Nc amplitude, and Nc latency (from Left to Right).
that infants are likely more familiar with happy than fearful faces (64) . However, in prior behavioral work with infants of the same age as tested in the current study, it has been shown that infants look longer at and are slower to disengage attention from fearful but not equally unfamiliar facial expressions (65) , suggesting that the fear bias observed in this age group cannot easily be explained by the familiar versus novel expression distinction. Furthermore, in prior infant ERP work, it has also been shown that different negative emotions that are similarly unfamiliar to the infant evoke distinct responses in the infant brain, which further supports the notion that negative expressions are not simply processed as novel (unfamiliar) by infants of that age (55, 66) . Nevertheless, although unlikely, we cannot completely rule out the possibility that the emotion effects observed in the present study might partly be driven by a familiarity versus novelty distinction.
Regarding the exact patterns of brain responses observed in the current study, our results revealed that nonfearful eyes evoked a larger Nc than fearful eyes (experiment 1). This is in contrast to prior ERP work with infants using face stimuli presented above the perceptual threshold (for at least 500 ms) that found a larger Nc for fearful than for happy faces (38, 39) . This discrepancy might be related to methodological differences across studies concerning the duration of presentation (subliminal, supraliminal), the nature of the stimulus (face, eyes), or a combination of the two. The results of experiment 1 further showed that viewing fearful eyes evoked a greater Pb (positivity before the Nc) at frontal electrodes and resulted in an earlier peak of the Nc than nonfearful eyes. This suggests that viewing fearful eyes elicits brain processes that allow for the rapid discrimination between fearful eyes and other eye stimuli (17) . Furthermore, a frontal positivity similar to the Pb observed here in infants is involved in the detection of fearful faces in adults (67, 68) , pointing to shared brain processes implicated in fear detection across development. As this effect (and the occipital effect discussed hereafter) was absent in experiment 2, this may suggest that the discrimination of emotion cues from eyes occurs more rapidly than the detection of eye gaze cues.
In experiment 2, fearful eyes with direct gaze evoked a larger Nc than fearful eyes with averted gaze, which is in contrast to adult models of fear detection that show greater sensitivity to fearful faces in the context of averted gaze (25, 26) . This increased neural sensitivity to eyes showing direct gaze might be explained by the fact that especially during infancy, direct gaze (eye contact) serves as such a powerful signal in directing attention and learning (eye contact effect, ref. 69 ) and only with further development, mature (adult-like) responding to averted gaze fear is achieved. Regardless of the exact interpretations, the current results clearly demonstrate that brain mechanisms exist, which allow infants to readily respond to information from eyes, even in the absence of conscious awareness.
In addition, only in experiment 1, we observed ERP effects during early visual processing. Specifically, in 7-mo-old infants, fearful eyes were detected during the earliest stages of visual processing as reflected in an enhanced P1. This is similar to what is known from adults (17, 70) and points to an efficient detection of visual information that indexes threat. The findings that this effect is absent in experiment 2 may be explained by the fact that the contrast between fearful and nonfearful eyes in experiment 1 is greater than the gaze manipulation used in experiment 2. This is the case both at a physical stimulus level, where the difference in scleral size between fearful and nonfearful eyes is larger compared with the difference between direct and averted gazes, but also on a more conceptual level, where the former potentially leads to a distinction between two different emotions and the latter is related to the detection of subtler differences for the same emotion depending on gaze. Therefore, gaze manipulations may not be salient enough to influence processing at this early sensory stage. This is supported by findings with adults reporting emotion effects during early visual processing but an interaction with gaze only during later processing stages (71) .
Conclusion
The current study, to our knowledge, is the first to demonstrate that fear and gaze detection in infants occurs in the absence of conscious perception and is based on human-specific scleral information. This shows that two essential functions of human eyes during communication, namely emotion and gaze cueing, emerge early in ontogeny, emphasizing their pivotal role in human social functioning. From an evolutionary point of view, our data further support the hypothesis that the human eye and particularly its white sclera plays a special role in social communication (10) and cooperative behavior among humans (4-7). Our findings provide evidence for the existence of fast, efficient, and reliable social cue detection mechanisms in the human infant brain that likely provide a vital foundation for the development of social interactive skills.
Methods
Participants. All infants were born full term and had a birthweight of at least 2,800 g (experiment 1: n = 24, mean age: 216 d, range: 209-225 d, 13 female; experiment 2: n = 22, mean age: 211 d, range: 194-223 d, 9 female). An additional six infants (three for each experiment) were tested but not included in the final sample because of continued crying (n = 1) or failure to Fig. 4 . Results at frontal electrodes in experiment 2. At right-hemispheric electrodes, direct gaze eyes elicited larger Nc amplitudes than averted gaze eyes (400-800 ms). The contrast between fearful and nonfearful stimuli (t values) shows that this pattern was only observed in response to original but not polarity-inverted stimuli.
contribute at least 10 artifact-free trials per condition (n = 5). The infants in experiment 1 contributed on average 31.6 (SD = 14.3) trials per condition, and the infants in experiment 2 contributed on average 28.3 (SD = 10.6) trials per condition. The number of trials did not differ between conditions for either experiment. The parents gave written informed consent and the study was approved by the ethics committee of the University of Leipzig and conducted according to the declaration of Helsinki.
Stimuli. The stimulus material used in experiment 1 was based on Whalen et al. (15) . It consisted of fearful and happy (i.e., nonfearful) photographs from eight individuals (5 female, ref. 72) , from which all facial information was removed except for the sclera. The remainder of the photograph was colored in black. Furthermore, polarity-inverted versions of these stimuli were created, showing a black "sclera" on a white background. Grayscale neutral expressions of the same individuals thresholded to contain only black and white were used as masks. Both stimuli and masks were presented against a gray background [red, green, and blue (RGB) values of 128] to achieve an equal distance in luminance from the original (white sclera on black background) and the inverted picture (black sclera on white background). The stimuli had a width of 9 cm and a height of 15 cm. For experiment 2, instead of happy photographs, we manipulated the fearful stimuli by shifting the pupil to the left or the right using Adobe Photoshop. As in experiment 1, polarity-inverted versions of these stimuli were created.
Design. Each experiment contained four conditions, resulting in a 2 × 2 design with the factors polarity (original, inverted) and emotion (fearful, nonfearful) for experiment 1 and polarity (original, inverted) and gaze direction (direct, averted) for experiment 2 (for the averted gaze condition left and right gaze occurred with the same probability of 50%). In each condition, 80 trials were shown (10 per actor), adding up to a total of 320 trials. Each participant received an individual randomization, consisting of 10 blocks with 32 trials (8 per condition) that were presented consecutively without interruption. We ascertained that the same condition did not occur more than twice in a row.
Each trial started with the presentation of a black fixation star for 500 ms, followed by the actual stimulus for 50 ms. After the stimulus, a neutral face of a different actor was presented as a mask for 750 ms. The mask was followed by an intertrial interval, during which a gray screen was shown for a randomly varying duration of 800-1200 ms. The presentation of the images was synchronized to the vertical refresh rate of the monitor.
Procedure. Upon arrival in the laboratory, parents and infants were familiarized with the environment, and parents were informed about the study and signed a consent form. The EEG recording was prepared while the infant was sitting on his/her caregiver's lap. For the recording, an elastic cap was used, in which 27 AgAgCl electrodes were mounted according to the [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] system. The Cz electrode was used as a reference during recording. We attached an additional electrode below the infant's right eye to compute the electrooculogram. A PORTI-32/MREFA (Twente Medical Systems) amplifier was used to record the EEG signal with a sampling rate of 500 Hz.
The experiment took place in a sound-shielded chamber in which the caregiver was seated with the infant on his/her lap. The caregiver was instructed not to interact with the child during the experiment. Stimuli were presented on a monitor (resolution: 1,024 × 768, refresh rate: 60 Hz) positioned ∼90 cm in front of the infant. Above the monitor, a camera was mounted to record the infant's looking behavior during the experiment. If the infant did not look at the screen during the experiment, short video clips with colorful moving shapes accompanied by ring tones were presented to redirect the infant's attention to the screen. The experiment ended when the infant had seen the maximum number of trials or became too fussy.
EEG Analysis. Data were rereferenced to the mean of TP9 and TP10, and bandpass filtered between 0.2 and 20 Hz. Trials were segmented into 1-s epochs from 200 ms before stimulus onset until 800 ms after stimulus onset. In several participants (four in experiment 1 and six in experiment 2), one electrode was noisy and was therefore interpolated using spherical spline interpolation (73) . To detect trials contaminated by artifacts, the SD was computed in a sliding window of 200 ms within these epochs. If the SD exceeded 80 μV at any electrode, the entire trial was rejected from further analysis. Furthermore, all data were inspected visually to screen for any remaining artifacts. In addition, the video recording of the infant's looking behavior was checked and trials in which the infant did not attend to the screen were excluded from the analysis.
Data were averaged for each condition and a baseline correction was performed using an interval of 150 ms before stimulus onset as baseline. We analyzed ERPs in two regions of interest (ROI), a frontal ROI including F9, F7, F3, F4, F8, and F10 and an occipital ROI including O1 and O2. For the frontal ROI, time windows of 300-400 as well as 400-800 ms after stimulus onset were analyzed and in the occipital ROI a time window of 150-250 ms was analyzed. This was done to examine effects on infant Pb, Nc, and P1, respectively. For each time window, the mean amplitudes across the respective electrodes were computed and entered into a repeated measures ANOVA with the factors emotion (fearful, nonfearful) (experiment 1) or gaze direction (direct, averted) (experiment 2), polarity (original, inverted), and hemisphere (left, right). In addition, we computed the same analysis investigating the peak latency by using either the maximum (Pb, P1) or the minimum (Nc) in the same time windows as mentioned above. Student t tests were computed to further analyze significant interaction effects.
